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Abstract.  Two cDNAs encoding an abundant chicken 
muscle extracellular matrix  (ECM)-associated laminin- 
binding protein (LBP) have been isolated and se- 
quenced.  The predicted primary amino acid sequence 
includes a probable signal peptide and a  site for 
N-linked glycosylation, but lacks a hydrophobic seg- 
ment long enough to span the membrane.  The COOH 
terminus consists of an unusual repeat of 33 consecu- 
tive aspartate residues.  Comparison with other se- 
quences indicates that this protein is different from 
previously described LBPs and ECM receptors.  RNA 
blot analysis of LBP gene expression showed that LBP 
mRNA was abundant in skeletal and heart muscle, but 
barely detectable in other tissues.  Blots of chicken 
genomic DNA suggest that a  single gene encodes this 
LBP.  The amino acid sequence and mRNA distribu- 
tion are consistent with the biochemical characteriza- 
tion described by Hall and co-workers (Hall,  D.  E., 
K. A.  Frazer,  B. C.  Hahn,  and L.  E  Reichardt.  1988. 
J.  Cell Biol. 107:687-697).  These analyses indi- 
cate that LBP is an abundant ECM-associated muscle 
protein with an unusually high negative charge that in- 
teracts with both membranes and laminin,  and has 
properties of a peripheral,  not integral membrane pro- 
tein.  Taken together,  our studies show that muscle 
LBP is a  secreted, peripheral  membrane protein with 
an unusual polyaspartate domain.  Its laminin  and 
membrane binding properties suggest that it may help 
mediate muscle cell interactions with the extracellular 
matrix.  We propose the name "aspartactin" for this 
LBP. 
T 
he basal lamina that surrounds muscle fibers contains 
molecules that regulate myotube differentiation,  pro- 
mote axon outgrowth,  and direct proper synapse for- 
mation.  One major basal lamina  constituent,  the glycopro- 
tein laminin, may play roles in all of these functions. It serves 
as a substrate for myoblast adhesion and migration,  and pro- 
motes myoblast proliferation  and differentiation  (Ocalan  et 
al.,  1988; Kuhl et al.,  1986; Borg et al.,  1984; Olwin and 
Hall, 1985). It is a potent inducer of neurite outgrowth (Man- 
thorpe et al.,  1983),  and  it increases  the size and quantity 
of acetylcholine receptor clusters  on primary muscle cells 
(Vogel et al.,  1983: Daniels  et al..  1984). 
Laminin is a large ('x,106 Mr) cruciform  glycoprotein com- 
plex assembled from three polypeptide subunits.  Specific 
regions  of laminin  have been shown to interact  with other 
matrix constituents,  including  collagen IV and heparan sul- 
fate proteoglycans,  and with many different  cell types (re- 
viewed in Liotta et al., 1986). Three classes of putative cell 
surface receptors for laminin have been described. These are 
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a "high affinity" Mr 68,000 receptor (Lesot et al., 1983; Ter- 
ranova et al., 1983; Malinoffand Wicha, 1983; Wewer et al., 
1986,  1987),  and  a lower affinity "integrin"  class receptor 
(Horwitz et al., 1985; Hynes, 1987; Ruoslahti and Piersch- 
bacher,  1987), both of which have been observed on muscle 
surfaces.  Finally,  Mr  110,000 and  180,000 laminin-binding 
proteins have been purified from neuroblastoma cells (Smal- 
heiser and Schwartz,  1987; Kleinman et al., 1988). They do 
not appear to be present at high  levels in skeletal  muscle 
(Kleinman et al., 1988). ECM constituents that bind laminin 
include  entactin  (Carlin  et al.,  1981; Hogan et al.,  1982), 
collagen  IV (Terranova  et al.,  1980),  and heparan  sulfate 
proteoglycans  (Sakashita  et  al.,  1980;  Del  Rosso et  al., 
1981). Molecules that interact  with laminin  are of consider- 
able interest  since they  may regulate  or  mediate  laminin 
actions. 
In another  report,  we describe a  novel  laminin-binding 
protein  (LBP) ~  that was purified  from avian and rat muscle 
(Hall et al., 1988). This protein is different from previously 
described proteins  and has a strong  affinity for membranes 
1.  Abbreviations  used  in  this  paper:  ECM,  extracellular  matrix;  LBP, 
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a eDNA for the avian LBP and describe its primary sequence 
and its mRNA distribution. The LBP sequence is character- 
istic of a secreted protein and includes an unusual repeat of 
33  aspartate residues at its COOH-terminus.  Its mRNA is 
found to be abundant in skeletal muscle and heart, but barely 
detectable in brain and other organs.  Possible roles of the 
LBP and its poly aspartate tail  are discussed. 
Materials and Methods 
Materials 
Restriction enzymes and other enzymes used were purchased from New En- 
gland Biolabs, Beverly, MA, and Boehringer Mannheim Diagnostics, Inc., 
Houston, TX. ¢t-[L'P]dCTP and "/-[nP]ATP were from Amersham Corp., 
Arlington Heights, IL. Chickens were supplied by Feather Hill farm, Pet- 
aluma, CA. 
Isolation of  cDNA Clones 
We obtained a day-I I chick embryo eDNA library in Zgtl0 from Drs. Carole 
Nottenburg and Harold Varmus (Nottenburg and Varmus,  1986).  The li- 
brary contained 900,000  independent isolates before being amplified once 
by growing on Escherichia coil strain C600. We used the mammalian codon 
usage frequencies compiled by Grantham et al. (1981) to approximate the 
coding sequence of the NH2-terminal  20 residues of the avian LBP (Hall 
et al., 1988).  An oligonucleotide 59 bases long (Fig. 2) was synthesized by 
Genentech Inc. (San Francisco, CA).  11 pmol of the oligonucleotide were 
end labeled with T4  polynucleotide kinase (Maniatis et al.,  1982)  to a 
specific activity of 107 cpm/pmol and used to screen a million phage plaques 
on 20 nitrocellulose filters 150 mm in diameter. Plaques were grown and 
transferred to filters as described in Maniatis et al.  (1982).  Filters were 
prewashed (Maniatis et al.,  1982),  then prehybridized in  100 ml of 0.1% 
Ficoll type 400,  0.1% polyvinyl pyrrolidone, 0.1% BSA, 750 mM sodium 
chloride, 75 mM sodium citrate, 100 I~g/ml denatured salmon sperm DNA, 
0.1% SDS, 50 mM sodium phosphate, pH 6.8, and 20% formamide at 37°C 
for 6 h. Probe was added at 3  x  106 cpm/ml and allowed to hybridize for 
16 h at 37°C.  Filters were then washed in 30 mM sodium chloride, 3 mM 
sodium citrate, 0.1%  SDS at  37°C,  and exposed overnight to  x-ray  film 
using two Cronex intensifying screens (E. I. Du Pont De Nemours and Co., 
Wilmington, DE). 10 positive plaques that fell into two classes by restriction 
enzyme analyses were purified and analyzed (Fig.  1). 
DNA Sequencing 
Eco RI fragments of two independent clones, k  LNRI and ~, LNR8, were 
subcloned into the MI3 vector MI3 mpl8 in both orientations. Sequential 
series of subelones for use in DNA sequencing were prepared using single- 
stranded DNA and a complementary DNA oligomer to form a specific site 
for Hind Ill cleavage (Dale e,t al.,  1985).  Linearized single-stranded DNA 
was digested using the 3' exonuclease activity ofT4 DNA polymerase. Short 
dA homopolymer tails were added using terminal transferase. The ends of 
the tailed DNA were joined by annealing with a synthetic DNA oligomer 
and treating with T4 DNA ligase.  Nucleotide sequences were determined 
using  the  dideoxynucleotide chain  termination  method  (Sanger  et  al., 
1977). Sequences were edited using the Gel sequence management program 
on Bionet (Intelligenetics Corp., Palo Alto, CA). The sequence for ~, LNRI 
(I,965 bases) was assembled using information from 93 sequences. The se- 
quence for k LNR8 (1,315 bases) was assembled using 54 sequences. To de- 
termine the sequence at the internal Eco RI site in each clone, DNA frag- 
ments containing the intact inserts were purified from Hind Ill, Bgl II digests 
of ~. LNRI and L LNRS. After subcloning into M13 mpl8 and MI3 mpl9, 
the sequences flanking the Eco RI site were determined using as a primer 
a synthetic deoxyribonucleotide oligomer corresponding to bases 338-354 
in Fig. 2. 
RNA and DNA Blots 
Total RNA was isolated from various tissues of adult male Leghorn chickens 
by the guanidine-CsCI method of Chirgwin et al. (1979),  and the polyaden- 
ylated fraction was purified by two cycles of chromatography on oligo(dT)- 
cellulose (Aviv and Leder, 1972).  Samples of polyadenylated RNA (0.5 and 
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Figure 1. LBP cDNA clones and sequencing strategy. The open box 
represents the LBP coding  sequence,  showing the signal peptide 
(stippled box), and the polyaspartate repeat (hatched box). Two in- 
dependent recombinant phage, ~,LNR8 and ~.LNR1,  are indicated 
by solid lines, and sequences obtained  from their derivative m13 
subclones are indicated by arrows beneath each phage. Several re- 
striction enzyme sites are shown on the scale (kiiobases) at the top 
(Bam  HI,  18 and  1,698;  Sac I,  185;  Eco RI, 407;  Stu I,  1,261). 
1 lag) were separated on  1.5% agarose gels containing 2 M  formaldehyde 
(Maniatis et al.,  1982) and transferred to Gene Screen nylon membranes 
(New England Nuclear, Boston, MA) by electroblotting. Transfer was car- 
ried out at 4°C in 5 mM Tris, pH 7.8, 2.5 mM sodium acetate, 0.25 mM 
EDTA for 30 min at 10 V followed by 120 min at 50 V. Blots were UV irradi- 
ated (Church and Gilbert, 1984) and prehybridized for 16 h at 50°C in 50% 
formamide, 50 mM sodium phosphate, pH 7.4, 900 mM sodium chloride, 
5 mM EDTA, 0.1% ficoll type 400, 0.1% polyvinyl pyrrolidone, 0.1% BSA, 
200 p.g/ml denatured salmon sperm DNA, and 5 % SDS. A single-stranded 
DNA probe was synthesized from an M13 subclone template that contained 
a segment of the coding strand from k LNRI (nucleotides 407-1,944 in Fig. 
2). The probe was made by annealing a sequencing primer to the template 
and incubating with the Klenow fragment of DNA polymerase as described 
by Large et al. (1986).  The blot was hybridized to the probe for 24 h at 50°C 
in a solution with the same composition as the prehybridization mixture. 
Blots were then washed at 65°C in 0. 1% SDS, 15 mM NaCI, !.5 mM sodium 
citrate, pH 7.  mRNA sizes were determined by comparison to ribosomal 
RNA bands and denatured DNA markers. For Southern blot analysis (South- 
ern,  1975),  genomic DNA was purified from day-8 embryonic chickens 
(Maniatis et al., 1982), digested with restriction enzymes at 37°C for 16 h, 
separated on 0.7% agarose gels in 89 mM Tris-borate buffer, pH 8.3, 2 mM 
EDTA,  and then transferred to Gene Screen Plus (New England Nuclear) 
nylon membranes by capillary transfer. Prehybridization, probe synthesis, 
hybridization, and washes were carried out as above. 
Results 
Isolation of  cDNA Clones 
A 32p-end labeled 59-mer oligonucleotide probe, whose se- 
quence  was  based  on  the  NHz-terminal  amino  acid  se- 
quence of the avian LBP (Hall et al.,  1988) and mammalian 
codon usage frequencies (Grantham et al.,  1981),  was used 
to screen an 1  l-d chick embryo gtl0 cDNA library (Notten- 
burg and Varmus, 1986).  Several recombinant phages that hy- 
bridized to the probe were isolated and purified. Restriction 
enzyme digests indicated that these represented two different 
classes of cDNAs with different ends derived from the same 
mRNA (Fig. 1). One member of each class was characterized 
in detail. 
The composite sequence of the LBP mRNA determined 
The Journal  of Cell Biology.  Volume 107, 1988  700 -143  AG  AGC  TTG  GAC  TGA  ACA  CTA  GGA  AGG  CAG  CAG  AAA  GAG  AAA  CTC  GGT  °CA  GAC  GCC  CAC  TGG  AGC  CCT  TGG 
-72  CCT  CCT  TCT  CTT  CCC  AGA  CTG  AGA  AGG  AGA  GAG  ACC  TTT  GCC  TGC  ACT  GCG  CTG  AAC  TCC  AAG  GGT  TCC  CCA 
1  ATG  AAG  G¢G  ACT  TGC  TGG  ATC  CTO  GCA  GGC  TTT  TG¢  CTG  CTT  TTC  TGC  TGC  AAG  GCA  GAA  GAA  OGA  CTG  AAT 
~MET  ALa  Thr  Ite  ALe  Phe  Leu  Phe  AtalOtu  Gtu  Q(y  ~eu  Asn  24  LyI  CyI  TrP  LiU  L~S 
73  TTC  CCC  ACG  TAT  GAT  GGG  AAA  GAC  CGA  GTG  ATC  GAC  CTG  AAC  GAG  AAG  AAC  TAC  AAG  CAT  Gee  CTG  AAG  AAG 
Phe  Pr9  Thr  ryr  ASD  ~tY  LYS  Asp  Ar°  V8~  It°  ASp  Leu  Asn  GtU  Lys  Asn  Tyr  Lye  His  At°  Leu  Lys  Lys  48 
145  TAT  GAC  ATG  CTT  TGT  CTG  CTC  TTC  CAC  GAG  CCT  GTG  AGC  TCC  GAC  AGG  OTG  TCC  CAG  AAG  CAG  TTC  CAG  ATG 
Tyr  Asp  Met  Leu  Cys  Leu  Leu  Phe  His  Gtu  Pro  Vat  Ser  Ser  Asp  Arg  Vet  Ser  Gin  Lye  Gtn  Phe  Gin  Met  72 
217  ACG  GAG  ATG  GTC  CTG  GAG  CTG  GCA  GCT  CAG  GTT  CTG  GAG  CCT  AGG  AGC  ATC  GGA  TTT  GGG  AT°  GTG  GAT  TCC 
Thr  Otu  Met  Vat  Leu  Gtu  Leu  Ate  At°  Gtn  Vat  Leu  GLU  Pro  At°  Sen  Ite  GLy  Phe  GLy  Net  Vat  Asp  Sen  96 
289  AAG  AAG  GAT  Gee  AAA  CTT  GCC  AAA  AAG  CTA  GGC  TTG  GTT  GAA  GAG  GGA  AGT  CTC  TAT  GTC  TTT  AAG  GAG  GAG 
Lys  Lys  Asp  At°  Lys  Leu  Ate  Lys  Lys  Leu  GIy  Leu  Vat  GtU  GLu  G[y  Ser  Leu  Tyr  Va~  Phe  Lys  Gtu  Gtu  120 
361  CGG  TTG  ATT  GAA  TT1  GAC  GGT  GAA  CTG  GCC  ACA  GAT  GTC  TTG  GTG  GAA  TTC  CTC  TTG  GAT  CTG  CTA  GAA  GAC 
Arg  Leu  lle  Gtu  Phe  Asp  °iv  Glu  Leu  Ale  Thr  Asp  Vat  Leu  Vet  Gtu  Phe  Leu  Leu  Asp  Leu  Leu  Glu  Asp  144 
433  CCT  GTG  GAG  OTC  ATA  AAC  AGC  AAG  CTG  GAG  CTT  CAA  GCC  TTT  GAC  CAA  ATT  GAC  GAC  GAA  ATC  AAA  CTC  ATT 
Pno  Vat  GLU  Vat  Ire  Asn  Ser  Lys  Leu  Gtu  Leu  Gin  At°  Phe  Asp  Gin  lLe  Asp  Asp  Gtu  lie  LyS  Leu  It°  168 
505  GGC  TAC  TTC  AAA  GGA  GAA  GAC  TCT  GAA  CAT  TAC  AAG  GCA  TTT  GAA  GAG  GCT  GCT  GAA  CAC  TTC  CA°  CCA  TAT 
Gty  Tyr  Phe  Lys  Gty  GLu  Asp  Ser  GLu  H|s  Tyn  Lys  At°  Phe  Gtu  Glu  At°  ALe  G[u  His  Phe  Gin  Pro  Tyr  192 
577  GTC  AAA  TTC  TTT  GCC  ACA  TTC  GAC  AAA  GGG  GTT  GCC  AAG  AAA  CTG  GGC  CTG  AAG  AT°  AAC  GAG  GTG  GAC  TTC 
Vet  Ly$  Phe  Phe  At°  Thr  Phe  Asp  Lys  Gty  Vat  ALe  Lys  Lys  Leu  GLy  Leu  Lys  Net  Asn  Glu  Vet  Asp  Phe  216 
649  TAT  GAA  CCA  TTC  ATG  GAT  GAG  CCT  GTT  CAC  ATC  CCC  °AT  AAA  CCT  TAC  ACA  GAA  GAG  GAG  CTG  GTT  GAA  TTT 
Tyr  Gtu  Pro  Phe  Met  Asp  GLu  Pro  Vat  His  lie  Pro  Asp  Lys  Pro  Tyr  Thr  GLu  Glu  Gtu  Leu  Vet  Gtu  Phe  240 
721  GTG  AAG  GAA  CAC  AAA  AGA  GCC  ACC  TTG  CGG  AAG  CTG  CGC  CCA  GAA  GAC  ATG  TTT  GAA  ACA  TGG  GAG  GAT  GAC 
Vat  Lys  GLu  Sis  Lys  Arg  Ata  Thr  Leu  Arg  Lys  Leu  Arg  Pro  Gtu  Asp  Met  Phe  Gtu  Thr  Trp  Gtu  Asp  Asp  264 
793  ATG  GAA  GGA  ATC  CAT  ATC  GTG  GCC  TTT  GCT  GAA  GAA  GAT  GAC  CCA  °AT  GGC  TTT  GAG  TTC  CTG  GAA  ATC  CTG 
Met  GLu  GLy  ILe  His  Ite  Vat  At°  Phe  At°  GLu  Gtu  Asp  Asp  Pro  Asp  GLy  Phe  GLu  Phe  Leu  Gtu  It°  Leu  288 
865  AAG  CAG  GTT  OCC  AGG  GAC  AAC  ACT  GAT  AAT  CCT  GAC  CTG  AGC  ATT  GTG  TGG  ATT  GAC  CCT  GAC  GAC  TTT  CCT 
LyS  Gtn  VaL  ALe  Arg  Asp  Asn  Thr  Asp  As°  Pro  Asp  Leu  Ser  It°  Vet  Trp  lie  Asp  Pro  Asp  Asp  Phe  Pro  312 
937  CTG  CTC  ATC  ACT  TAC  TGG  GAG  AAG  ACC  TTC  AAG  ATT  GAC  CTG  TTC  AGG  CCG  CAG  ATT  GGG  ATT  GTG  AAT  GTC 
Leu  Leu  It°  Thr  Tyn  Trp  G[u  Lys  Thr  Phe  Lys  lie  Asp  Leu  Phe  Arg  Pro  Gin  Ire  GLy  lie  v°|  Asn  Vat  336 
1009  ACA  GAC  GCT  GAC  AGT  GTC  TGG  ATG  GAG  ATC  AGA  GAT  °AT  GAT  GAC  CTG  CCC  ACA  °CO  GAG  GAG  CTG  GAG  GAC 
Thr  Asp  Ate  Asp  Set  Vat  Trp  Met  G|u  |Le  Ar9  Asp  Asp  Asp  Asp  Leu  Pro  Thr  At°  Gtu  Otu  Leu  Glu  Asp  360 
1081  TGG  ATA  GAG  GAT  GTG  CTT  TCT  GGG  AAG  ATA  AAT  ACT  GAA  GAC  GAT  OAC  OAT  °AT  GAC  °AT  GAT  °AT  GAC  GAC 
Trp  lte  G|u  Asp  Vot  Leu  Set  Gty  Ly.  It.  ASh  Thr  Gtu  AI~  AI~  A°~  AS~  A,~  All  AIr  All  A°~  AO~  A.~  384 
1153  GAC  GAT  GAT  GAT  GAC  GAT  GAT  GAT  GAT  GAT  GAC  GAC  GAT  GAT  GAO  GAC  GAT  GAC  GAT  GAT  GAT  GAC  TAA  CTG 
ii~S~  A$~  AI~  All  AS~  AS~  As~  As~  As~  l°~  AS~  As~  As~  A°~  A°~  ASf  AS~  A°~  AS~  ls~  As~  ls~  ---  406 
1225  TGA  CTC  TGT  ACA  GTT  TGA  CTT  GTG  GAG  GCC  GAG  AGG  CCT  CCC  CCT  GTG  GCA  GGT  CCC  TTC  ATC  AGA  GAG  CCT 
1297  GTG  TTT  GAG  CGT  CAG  CAA  GCA  CCG  CCT  GCT  CCT  CCT  TTC  CCC  CTT  GCC  CCG  CTC  CCC  CTG  CCC  CTG  CTG  GGA 
1369  CCC  CCG  GCC  TGA  TTC  TCA  GAG  GTG  CTG  AGC  CAC  CA°  GAC  TGC  CAC  CTC  GGC  GGG  TGC  GAC  CGG  CAT  000  AGC 
1441  ACC  GCT  GTA  AAT  CAT  GCC  TCT  GTA  GAA  AGG  ACA  ATA  GGA  ATC  TGT  AGG  GAA  CCT  GCC  CCA  GTG  CCC  AGT  GCA 
1513  GGA  GGA  AAG  CAC  CTG  CAT  GCT  CAC  TGC  CA°  AGG  GAC  ACA  GGG  AGC  CAG  TTT  GTA  TTT  TCC  GTG  CTC  ATC  OGC 
1585  CCA  TCA  TGT  ACA  TCC  AAA  GAC  CAA  ATC  TCA  CTC  TAT  ACA  GAG  GGA  AGG  TCA  CTG  TAA  AGT  TTA  GTC  CTT  TCA 
1657  TTA  AAC  AAA  ATG  CCC  TTT  GCA  GOT  ACT  CTC  CAA  AAC  CAC  TGG  ATC  CTG  AAA  GTT  CTG  CTA  TAG  GAG  TGT  CAA 
1729  GCT  ACT  CAT  TAA  CAT  ACT  AGG  AGC  AGC  AAA  ACA  TTT  GAG  GGT  GGG  AAG  ACA  GTT  TTA  GGA  ACA  CTA  GTT  AGT 
1801  GTT  CCT  AAA  ATA  ATT  TTT  AGT  GAT  TCC  ATA  AAA  TGA  CAG  TAT  ACT  TGT  ATC  TGA  CA°  AGG  AT°  CAA  AAC  CCA 
1873  ACA  CCA  CAG  TCC  CTG  TCT  GAC  ACG  CTT  TCT  TCA  AGC  AAA  AAA  TAG  AGT  AAG  TGC  AGG  TGG  TCT  TAT  ATG  GG 
Figu~ 2. Nucleotide sequence of~e LBP cDNA and translated amino acid sequence.  Numbe~ on the le~ rear to nucleotides  and numbe~ 
on the right rear to amino acids. The oligonucleotide used to isola~ the eDNA clones is indicated in lower case lette~ above the determined 
sequence,  with mismatches  marked by solid circles.  The putative signal peptide is boxed, and the NH2-terminal amino acid sequence de- 
rived from the purified protein  is underlined.  The glycosylation site is denoted  by an arrow, and the ~peat of aspartate residues  at the 
COOH terminus  is underlined  with a black bar. 
from  the  two  independent  cDNA  inserts  is  shown  in  Fig. 
2. 2 The  sequence  for each  clone  matches  the oligonucleo- 
tide probe in 47 of 59 positions, with all of the variation oc- 
2. These sequence data have been submitted to the EMBL/GenBank Data 
Libraries under the accession number 400789. 
curring in position 3 of the codons (Fig.  2).  The composite 
sequence  is  2,086  bases  long,  which  is  approximately  the 
same size as the major hybridizing mRNA in chicken tissues 
(see below). The two clones overlapped for 1,204 bases and 
had identical sequences in this region, which includes all of 
the  predicted  open  reading  frame  except  for  the  COOH- 
terminal  46 nucleotides. 
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Figure 3. Hydropathy index com- 
putation for the LBP amino acid 
sequence. The sequence was ana- 
lyzed by the method of Kyte and 
Doolittle (1982) with the SOAP 
computer program using a 9 ami- 
no acid window of analysis. The 
hydrophobic regions have a posi- 
tive hydropathy index score (left 
scale) and appear above the cen- 
tral  line.  The  hydrophobic sig- 
nal  peptide  (stippled area) and 
the hydrophilic poly aspartate tail 
(striped area) are indicated. 
Features of the LBP Sequence 
An  open  reading  frame of 1,218 nucleotides  (406  amino 
acids) was detected that started with an ATG and included 
sequence encoding the first 20 amino acids determined from 
the purified protein (Hall et al.,  1988). The proposed initia- 
tor ATG at position 1 appears to be an exception to the con- 
sensus ribosome initiation site (Kozak, 1984,  1986). The ATG 
is surrounded by a sequence (CCCCAATGA) that matches 
Kozak's consensus  ribosome initiation  site  (CC(A/G)CC- 
ATGG) in only three out of six positions and lacks the highly 
conserved (95%)  purine at  -3  (relative to the ATG).  As 
there is an in phase upstream stop codon at position  -132 
and no other potential upstream initiation codons, the methi- 
onine codon at position 1 must serve as the initiation codon. 
The predicted amino acid sequence begins with 19 amino 
acids (boxed in Fig. 2) that have features common to signal 
peptides. (Perlman and Halvorsen, 1983; von Heijne, 1985, 
1986). The putative signal sequence contains a core of 15 hy- 
drophobic amino acids bounded by lysine residues and ends 
with a small amino acid (alanine). This signal peptide must 
be removed during normal synthesis to give rise to the ob- 
served NH2-terminal sequence of the mature protein. 
In  addition  to the  signal  peptide,  LBP manifests  other 
properties of a secreted protein. First, there is a single con- 
sensus site for N-linked glycosylation (Asn 335) in the COOH- 
terminal portion of the sequence.  This site is likely to be 
modified since LBP binds to concanavalin A and wheat germ 
agglutinin-Sepharose columns,  and treatment with N-gly- 
cosidase F reduces LBP'S apparent molecular mass on SDS- 
polyacrylamide gels by 2,000 D (data not shown). Second, 
the LBP sequence lacks a hydrophobic sequence of sufficient 
length to be a  probable membrane-spanning domain.  The 
hydrophobicity profile is shown in Fig. 3. Aside from the sig- 
nal peptide, there are no hydrophobic stretches long enough 
to span the membrane in an alpha helical conformation, and 
the computer prediction scheme of Eisenberg et al.  (1984) 
failed to find a suitable membrane spanning region. This was 
somewhat surprising in view of this protein's strong affinity 
for both artificial and natural membranes (Hall et al., 1988). 
The most striking feature of the LBP primary sequence is 
the high density of negatively charged amino acids, including 
an unusual run of 33 aspartate residues at the COOH termi- 
nus. In the COOH-terminal half of the protein, 40% of the 
amino acids are negatively charged,  contributing to a  net 
charge of -81 and a predicted isoelectric point of 3.63. The 
DNA sequence encoding the polyaspartate tail is not a direct 
repeat but is a mixture of aspartate codons GAT and GAC. 
The sequence deduced is unlikely to be a cloning artifact be- 
cause it is included in both independent clones. In addition, 
results in Table I show that the predicted amino acid compo- 
sition deduced from the DNA sequence is virtually identical 
to that determined by analysis of the purified protein. In par- 
ticular,  the  predicted aspartate/asparagine  content is  very 
close to that observed experimentally. 
The mature LBP is 387 amino acids long and has a pre- 
dicted molecular mass  of 45,018  D.  This  is  considerably 
lower than the 54 kD estimated by migration on SDS-POly- 
acrylamide gels after N-glycosidase F  digestion (data not 
shown), which may be explained by O-linked carbohydrate 
or may reflect unusual behavior on gels due to the protein's 
high density of negative charge. 
Table L Comparison of  LBP Amino Acid Compositions 
DNA sequence 
Amino acid  Protein analysis  analysis 
Asp/Asn  20.0  21.2 
Ser  3.2  2.8 
Thr  3.8  3.4 
Glu/Gln  15.0  14.2 
Pro  4.2  4.1 
Gly  6.2  3.9 
Ala  5.2  4.7 
Val  6.3  6.2 
Met  1.3  2.3 
lie  7.4  5.4 
Leu  8.3  9.6 
Tyr  2.2  2.6 
Phe  4.2  6.2 
His  2.0  1.8 
Lys  7.0  7.5 
Arg  3.0  2.6 
Comparison of LBP amino acid composition determined  by protein  analysis 
and DNA sequence analysis. The amino acid composition of the purified pro- 
tein was determined by hydrolysis and analysis on a Beckman 6300 amino acid 
analyzer as described by Hall and co-workers.  (Hall et al.,  1988). The compo- 
sition was deduced from the DNA sequence using the information in Fig.  2. 
Both results are expressed as mole percents. Cysteine and tryptophan were not 
measured on the amino acid analyzer and are not listed. 
The Journal of Cell Biology, Volume  107, 1988  702 Figure 4.  Detection of LBP mRNA in various tissues.  The poly- 
adenylated fraction of RNA was hybridized to a LBP cDNA probe 
(see Materials  and Methods).  Lanes 1 and 2, 0.5 and  1 lag heart 
RNA; lanes 3 and 4, 0.5 and  1 gg brain RNA; lanes 5 and 6, 0.5 
and 1 gg skeletal muscle RNA. Lanes 3 and 4 were exposed twice 
as long as the other lanes to show faint bands. The positions and 
lengths (kilobases) of denatured  DNA size markers are shown at 
right. 
Distribution of  LBP mRNA 
To determine where this LBP is synthesized, polyadenylated 
mRNA was purified from various tissues of adult chickens 
and  hybridized to a  single-stranded  DNA probe from the 
COOH-terminal coding region (see Materials and Methods). 
A major mRNA band of 2 kb and a minor band of 4 kb were 
detected (Fig. 4, lanes 1-6), and their ratio was the same in 
all tissues examined.  The identity of the 4-kb band is not 
known, but it could be an incompletely processed LBP mes- 
sage or it could be derived from a different, related gene. The 
2.0-kb LBP mRNA was most prevalent in skeletal muscle 
and heart. LBP mRNA could also be detected in brain and 
kidney,  but  at  levels  50-100-fold  below  that  observed  in 
skeletal muscle (Table II). LBP mRNA was not detected in 
retina or spleen,  liver or testes. 
Table II. LBP mRNA Levels 
Tissue  Relative amount 
Skeletal muscle  100  +  10 
Heart muscle  51  +  6.5 
Brain  2.1  +  0.3 
Kidney  1.3  +  0.3 
Retina, spleen, liver, testes  <0.5 
LBP mRNA levels. LBP mRNA was quantified by densitometric scans of the 
2.0-kb band detected in various tissues of adult chickens. Two separate prepa- 
rations of RNA  were assayed four different  times to yield a  mean relative 
amount  +  SEM.  Amounts indicated are arbitrary units normalized to  the 
amounts of poly A  + RNA applied to each gel. 
Figure 5.  Southern  blot  analysis  of LBP gene.  Purified  chicken 
genomic DNA was restricted with Eco RI (lane 1); Hind III (lane 
2); or Pst I (lane 3); and hybridized to the LBP eDNA probe (see 
Materials and Methods).  Positions and lengths (kilobases) of size 
markers are indicated on the left. 
Search for Homologous Genes 
Southern blot analysis of genomic chicken DNA using a LBP 
probe revealed a simple pattern of one to two bands (Fig. 5), 
suggesting that there is only a single LBP gene. We searched 
the protein sequence  database of the  National  Biomedical 
Research Foundation for related proteins and found no sig- 
nificant similarities. Recently determined sequences of other 
proteins thought to interact with laminin, including entactin 
(Durkin et al.,  1987),  the beta subunit of the chicken inte- 
grin-class ECM receptor family (Tamkun et al.,  1986), and 
the human 68-kD laminin receptor characterized by Wewer 
et  al.  (1986,  1987)  showed  no  similarity  to  the  LBP  se- 
quence. However, other proteins containing clusters of nega- 
tively charged amino acids have been described and some se- 
quences  similar to the  aspartate repeat were found in  the 
search (see Discussion). 
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The results presented here,  coupled with the biochemical 
characterization made by Hall and co-workers (Hall et al., 
1988),  describe a novel LBP that differs from those previ- 
ously reported. Although the molecular mass of the rat LBP 
is similar to that of the high affinity receptor characterized 
by others (Terranova et al.,  1983; Lesot et al.,  1983; Mali- 
noff and Wicha, 1983; Wewer et al., 1986), the sequence of 
the avian LBP bears no resemblance to the partial receptor 
sequence reported by Wewer et al. (1986). Furthermore, syn- 
thesis of this LBP appears to be restricted to skeletal muscle 
and heart. Significant levels of its mRNA were not found in 
other tissues,  as  would be  expected  for the high affinity 
receptor mRNA. The relative molecular mass and tissue dis- 
tribution of the muscle-associated LBP are different from 
those of the other described laminin-binding glycoproteins: 
cranin and the integrins (Smalheiser and Schwartz,  1987; 
Ruoslahti and Pierschbacher,  1987). 
The amino acid sequence of this muscle-associated LBP 
is compatible with its known biochemical properties and dis- 
tribution. The protein has been shown to be secreted and 
localized in the basal lamina surrounding individual muscle 
fibers (Hall et al.,  1988).  As predicted by this location, the 
amino acid sequence of the LBP precursor includes a puta- 
tive signal sequence that is clearly processed. The mature 
protein  is  covalently associated with carbohydrate, as as- 
sayed by lectin binding and sensitivity to N-glycosidase F 
digestion.  As  predicted,  the  protein  sequence  contains a 
potential site for N-linked glycosylation, which the results of 
N-glycosidase F digestion imply is actually used as a carbo- 
hydrate-acceptor site. While the protein associates with both 
membranes and phospholipid vesicles, it appears to be a pe- 
ripheral, not integral membrane protein, since it can be solu- 
bilized with high pH and chaotropic agents.  Again, this is 
compatible with the protein's primary amino acid sequence 
which lacks a  hydrophobic sequence long enough to be a 
potential transmembrane domain. In sections of muscle tis- 
sue,  LBP immunoreactivity colocalizes with laminin im- 
munoreactivity in the basal lamina. The protein has a strong 
affinity for laminin, binding to the end of the long arm of the 
laminin cross (Hall et al., 1988), in the vicinity of the hepa- 
rin binding site on fragment E3 (Ott et al.,  1982).  While it 
is not clear which region of the protein is responsible for 
binding laminin, there are several acidic regions in the pro- 
tein that could potentially interact with the heparin binding 
site. 
Sequence analysis revealed a preponderance of negatively 
charged amino acid residues in the COOH-terminal half of 
the protein, including an unusual stretch of 33 aspartates at 
the COOH terminus. In this regard LBP bears some resem- 
blance to the human homeobox protein hox 1.1, which ends 
with 15 COOH-terminal glutamate residues (Kessel et al., 
1987).  Repeats of other amino acids at different locations 
have also been noted in several  Drosophila homeotic gene 
products. (Regulski et al., 1985; Wharton et al., 1985a).  For 
example, the engrailed gene product includes three near per- 
fect repeats of alanine,  glutamine, and glutamate near its 
NH2 terminus (Poole et al.,  1985).  DNA sequences encod- 
ing  stretches  of up  to  30  contiguous glutamine residues, 
known as opa or the M repeat, are found several  hundred 
times in the Drosophila genome, including in the translated 
portion of the Notch locus (Wharton et al.,  1985b).  Other 
proteins with equally high densities of negative charge have 
also been described. For example, ubiquinol-cytochrome c 
reductase from Baker's yeast has 25 contiguous aspartate and 
glutamate residues (Van l_xmn et al.,  1984).  The functions 
of these repeats in other proteins and in the muscle-associ- 
ated LBP have not been defined. 
The pelyaspartate tail of the  LBP may explain the ex- 
tremely high affinity of the protein for hydroxylapatite (Hall 
et al., 1988),  which is known to interact strongly with pro- 
teins containing clusters of carboxyl side groups (Gorbunoff, 
1984),  as well as synthetic polymers of aspartate (Moreno 
et al.,  1984) Nine consecutive aspartic acid residues in the 
bone ECM protein osteopontin are thought to mediate its 
tight binding to hydroxylapatate  within the bone matrix (Old- 
berg et al., 1986). The muscle LBP may interact with lami- 
nin via its polyaspartate domain at the site(s) on laminin that 
interact with heparin. Because this muscle LBP is so highly 
charged, it may also interact with other molecules in the ma- 
trix that have clusters of positive charge and contribute to 
other aspects of  basal lamina structure. It should now be pos- 
sible to determine the role of the polyaspartate tail by con- 
structing and expressing truncated LBP genes. 
We can conceive of several  general models of LBP func- 
tion in vivo.  In the first model, this protein would serve to 
anchor muscle cells into the basal lamina by adhering to the 
surface of the cell membrane and interacting with the long 
arm of laminin. Alternatively, the muscle LBP could modu- 
late laminin's interaction with other matrix molecules such 
as heparan sulfate proteoglycans or other negatively charged 
competing ligands. It is also possible that this LBP could 
regulate those cell attachment and neurite outgrowth-pro- 
moting activities of laminin which are localized near the 
LBP-binding site (compare Edgar et al., 1984; Engvall et al., 
1986; Hall et al., 1987).  Future experiments will be aimed 
at defining the role served by this protein in the muscle basal 
lamina. 
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Note Added in Proof: We propose the name '~Aspartactin"  for the LBP de- 
scribed here, based on its unusual polyaspartate domain and its probable 
role in cell-matrix interactions. 
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